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Abstract. We have evaluated techniques of estimating animal density through direct counts 
using line transects during 1988-92 in the tropical deciduous forests of Mudumalui Sanctuary 
in southern India for four species of large herbivorous mammals, namely, chital (Axis axis). 
sambar (Cervus unicolor). Asian elephant (Elephas maximus) and gaur (Bos gaurus) 
Density estimates derived from the Fourier Series and the Half-Normal models consistently 
had the lowest coefficient of variation. These two models also generated similar mean 
density estimates. For the Fourier Series estimator, appropriate cut-off widths for analyzing 
line transect data for the four species are suggested. Grouping data into various distance 
classes did not produce any appreciable differences in estimates of mean density or their 
variances, although model fit is generally better when data arc placed in fewer groups. 
The sampling effort needed to achieve a desired precision (coefficient of variation) in the 
density estimate is derived. A sampling effort of 800 km of transects returned a 10% 
coefficient of variation on estimate for ehital; for the other species a higher effort was 
needed to achieve this level of precision. There was no statistically significant relationship 
between detectability of a group and the size of the group for any species. Density estimates 
along roads were generally significantly different from those in the interior of the forest, 
indicating that road-side counts many not be appropriate for most species. 
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1. Introduction 
 
Estimating the population size or density of an animal species in an area is 
fundamental to understanding its status and demography, and to plan for its 
management and conservation. In spite of the development of sophisticated statistical 
methods of sampling animal populations (Burnham et al 1980), their application 
to estimating densities in tropical forests is difficult mainly because of poor visibility 
and relatively low density of these populations resulting in inadequate sample sizes 
for statistically precise results. The practical difficulty of carrying out random 
sampling due to habitat topographic features is an additional constraint in sampling 
design. 
Both direct and indirect methods of estimating mammal densities in tropical
forests have been used (Barnes and Jensen 1987; Koster and Hart 1988; Varman
1988; Sale et a! 1990; Karanth and Sunquist 1992; Srikosamatara 1993; Varman
et al 1995). Estimates based on indirect methods usually involve counting animal
droppings, while direct methods use visual sightings of animals. Line transect
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sampling is practical, efficient and relatively inexpensive for many biological 
populations (Anderson et al 1979; Burnham et al 1980; Buckland et al 1993). 
Although it has been extensively used in temperate regions for estimating densities for 
a variety of vertebrate taxa, one of the first rigorous applications of the method in a 
tropical forest was by Karanth and Sunquist (1992) to estimate densities of mammals. 
In this paper we evaluate the line transect direct method of estimating animal 
densities and come up with recommendations on the choice of models for four 
large mammalian species in a tropical deciduous forest. In particular we explore 
the following questions: 
 
(i) What are appropriate models and model parameters for data analysis?
 
Unlike sampling methods based on fixed-width transects, the line transect method 
does not assume that all objects within a specified width are detected. Rather the
assumption is that objects on the line are seen with probability 1 and that the 
number of objects sighted away from the line decreases in some fashion. Underlying 
any continuous random variable, such as the detection distance, is a probability 
density function (PDF) (Burnham et al 1980). An appropriate model is fitted to 
the data to estimate the density of the object. 
Α robust model is one that is flexible enough to fit closely a wide variety of 
true PDF shapes (Burnham et al 1980). Various estimators are available including 
the Fourier Series, Exponential Power Series, Exponential Polynomial, Negative 
Exponential and Half-Normal. 
For a chosen model, decisions have to be taken about several model parameters. 
For instance, we can specify a cut-off width or include sightings at all distances. 
If the cut-off width is too short the sample size may be limiting, whereas if there 
is no cut-off width the outliers may increase the variance of the density estimate. 
If sightings are grouped into distance class intervals (as opposed to using actual 
distance) a decision has to be taken about the number of distance classes and class 
intervals. To achieve smoothing, the data should be grouped into no more than 
about 10 class intervals (Burnham et al 1980). 
 
(ii) How much sampling effort is necessary in order to arrive at a density estimate 
with acceptable confidence limits? 
 
With constraints in time and resources for carrying out censuses, the optimum 
sampling effort to return density estimates with acceptable precision (coefficient of variation 
or confidence intervals) has to be decided. There is no method of arriving at this decision 
a priori, and pilot studies have to be carried out. Sampling efforts will vary between 
species, depending on abundance and detectability among other factors. 
 
(iii) What is the influence of group size of a species on the detection function?
 
The detectability of a group of animals may depend on the size of the group. If 
the probability of detecting a larger group is higher this would lead to overestimation 
of the mean group sizes and the population densities (Drummer and McDonald 
1987). In such a case, it is more appropriate to apply a bivariate model that 
corrects for this size bias (Drummer and McDonald 1987). 
 
(iv)  Can  roads  be  used  for  estimating  animal  densities  from  vehicles?
 
In many situations an observer does not have sufficient time to devote to making 
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ideal density estimates (for instance, when various other investigations also have 
to be carried out). In such cases, adequate number of sightings (sample size) of 
the species being censused is often a major constraint in obtaining satisfactory 
estimates. 
An increase in sampling effort using vehicles for rapidly "transecting" a large 
area seems to be an option under such circumstances. However, sampling along 
roads introduces potential biases. In the first instance, driving in a vehicle along 
roads may disturb animals and perhaps drive them away before the observer has 
a chance of spoiling them. Secondly, there may be a bias in animal distribution 
along the road side. Certain species may be attracted towards roads or road-side 
clearings, while others may be repelled from roads or the sound of vehicles plying 
along these. The alignment of roads may be such that different habitats or 
topographical features may not be proportionately sampled. Roads are not straight
lines and this may violate a basic assumption of line transect theory. Actually this 
is not a serious problem as long as the curvature is gentle (Α Ρ Gore, pers. comm.). 
Even if the line transect method cannot be applied to road-side counts, the data 
can  be  analysed  using  assumptions  of  a  fixed-width  transect. 
 
Materials and methods  
 
2.1 Study  area 
 
The study was carried out in Mudumalai Wildlife Sanctuary (321 km2. 11°13' to 
11°39' N and 76°27' to 76°43' E) in the Tamil Nadu state of southern India. The 
altitude varies from 485 m to 1266 m above sea level, with a general elevation of 
900-1000 m. A distinct rainfall gradient results in a variation in vegetation type 
from tropical semi-evergreen forest and moist deciduous forest through dry deciduous 
forest to dry thorn forest (Sukumar et al 1992). An area of 127 km2 (figure 1) 
comprising deciduous forest and dry thorn forest was selected for this study during 
1988-92. Mudumalai supports a mammalian fauna typical of deciduous forests of
peninsular India (Krishnan 1972; Nair et al 1977). Of these we selected four species 
of large herbivorous mammals, chital or spotted deer (Axis axis), sambar (Cervus 
unicolor), Asian elephant (Elephas maximus) and gaur (Bos gaurus) for the present 
study. 
 
2.2  Density  estimation  methods 
 
Based on vegetation types, the area was stratified into different habitat zones such 
as dry deciduous forest with tall grass (32 km2), dry deciduous forest with short 
grass (16 km2), moist deciduous forest (33 km2), thorn forest (45 km2) and riparian 
forest (1·4 km2). Transects lines were placed in these zones in a fashion that they 
sampled  each  zone  in  rough  proportion  to  their  areas. 
 
2.2a Vehicle-based counts : During 1991. several game roads were traversed using 
a vehicle at a near-constant speed of 20 km/h. Seven routes were identified so as 
to cover all the habitat types in rough proportion to their areas. Total distance 
covered  by  vehicle  transect  was  967  km  during  the  year. 
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Figure 1. Map of the study area showing the locations of the five vegetation types or 
zones sampled, 
 
2.2b  Walking transect: Transects of two types were walked during 1988-92. (i) 
To study the distribution of animals along roads in the absence of a source of 
disturbance such as a vehicle, in four major zones 2 km each of two adjoining 
game roads were walked, in addition to walking a 2 km transect through the forest 
in between these roads. The idea was to compare density estimates along the roads 
with those inside the forest, (ii) Six permanent transect lines of 2–4 km were laid 
in different habitats and walked on a regular basis during 1991 and 1992. The 
total  distance  walked  was  409  km  per  year. 
Each transect was covered once in the morning (07·00 h to 09·30 h) and once
in the evening (16·00 h to 18·30 h) each month. The transects were covered from 
opposite ends in order to minimize any bias arising from variation in animal activity 
with time. For each sighting the central location of the animal group was noted, 
and the perpendicular distance from this location to the transect line (or road) was 
recorded using a rangefinder (15 to 180 m range), at 10 m class intervals, in addition 
to details of group composition. 
 
2.3  Data  analyses 
 
Densities of groups were computed using the program TRANSECT (Laake et al 
1979, PC version by G White). A general form of the density estimator is given by 
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where D is (he density of the object (or object clusters), n is the number of objects 
detected, L is the length of the transect line, and ƒ(0) is the probability density 
function  of  perpendicular  distances  evaluated  at  zero. 
We first analysed the data using five models (Fourier Series, Exponential Power 
Series, Exponential Polynomial, Negative Exponential and Half-Normal) and used 
a χ2 goodness of fit test and the precision of the estimate (CV) to evaluate the 
models. Subsequently, we used the Fourier Series model for examining model 
parameters in greater detail. To estimate animal density, the density of groups was 
multiplied by the mean group size. The standard error (SE) of the mean estimate 
was arrived at following Goodman (I960), and 1·96 SE taken as the 95% confidence 
interval. 
 
where Ζ = density of groups/km2 , Υ = mean group size, and D = density of 
individuals/km2. 
For the analysis, sightings were categorized into 20 m distance class intervals 
(from 0 to 200 m). In order to determine the appropriate width and the number 
of distance classes to be used, we analysed data from 2 classes (i.e., a cut-off 
width of 40 m) to 10 classes (up to 200 m). We examined the percentage coefficient 
of variation as a function of cut-off width to determine the appropriate cut-off 
width. 
In order to determine adequacy of sampling effort for achieving desired precision 
in the density estimate, we analysed the walking transect data cumulatively beginning 
with two months and proceeding up to 22 months. Trends in CV were plotted 
with increase in sampling effort (distance walked) to look at this relationship. 
The influence of group size on detectability ("size bias") was tested using the 
program SIZETRAN (Drummer 1987). In this a bivariate detection function is used, 
by inserting a covariate y into the univariate detection function through a ratio 
x/ya, where a (or α) is the size-bias parameter. A value of a = 0 implies that the 
size of a group has no influence on its detectability. An iterative procedure is used 
to arrive at the value of a, and a likelihood ratio used to test for significance of 
size-bias. As SIZETRAN did not provide a bivariate model for the Fourier Series 
estimator, we used a bivariate Half-Normal estimator in our analysis (in trials using 
various univariate models we found results from the Fourier Series and Half-Normal 
estimators  to  be  similar). 
 
3.  Results 
 
3.1 Models  and  model  parameters 
 
Typical shapes of the distribution of perpendicular distances of animal sightings, 
grouped into 20 m class intervals, are given for the four species in figure 2. The 
shape of the distributions superficially suggests exponential decay. We however 
decided to fit several models to the data. Table 1 gives the results of density 
estimates, percentage CV and χ2 values of the different models fitted to the data, 
grouped into different number of distance classes and class intervals. The Fourier 
Series estimator generally estimates density with the lowest CV, followed closely 
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Figure 2. Distribution of perpendicular distances of sightings into 20 m class intervals for
the four species of mammals. 
 
by the Half-Normal model. With some exceptions, the density estimates are also 
the most similar for the Fourier Series and Half-Normal models. Among other 
estimators, the Negative Exponential consistently gives the highest density estimates 
for  all  species,  except  the  gaur. 
When the χ2 values are considered, it is seen that a statistically good fit (Ρ > 0·05) 
for data of all species is obtained in the most instances with the Fourier Series 
model. The Half-Normal model also offers good fits for chital, sambar and elephant, 
and seems to fit data especially well for chital. For the gaur, the Half-Normal 
model consistently gives a poor fit, while the Negative Exponential model appears 
to  be  the  best  alternative  to  the  Fourier  Series. 
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When results from the same data set are grouped into different classes and class 
intervals there is virtually no difference in estimates of density or CV for a given 
model for any of the four species (table 1). However, the χ2 values indicate that
a better  fit  is  obtained  when  data  are  grouped  into  fewer  classes. 
Figure 3 shows the relationship between CV of density estimate and various 
cut-off widths for the four species. For chital there is an appreciable reduction in 
CV when data were included up to a distance of 80 m (4 distance classes, sample 
size of 129 groups) but inclusion of data beyond 80 m does not necessarily increase 
the precision of the results. For sambar and elephant a reduction in CV generally 
continues up to 140 m (7 distance classes, 105 groups in sambar, 37 groups in 
elephant) beyond which the value fluctuates. For gaur the lowest CV is achieved 
at a cut-off width of 180 m (9 classes, 43 groups). The estimates of individual 
 
 
Figure 3. Trends in percentage coefficient of variation (CV) (–●–) and mean density 
(individuals/km2) (- + -) with different cut-off widths (in metres) for sighting data of the 
four  mammalian  species. 
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density stabilize in the region of 120-200 m cut-off width for elephant and 
100–180 m for chital (increasing appreciably when all data up to 200 m are used), 
while for sambar and gaur these fluctuate to a greater degree with different cut-off 
widths. 
 
3.2 Sampling  effort  and  precision  of  estimate 
 
Figure 4 shows trends in CV and (cumulative) mean density estimates with increase 
in sampling effort (the sample sizes of sightings and the distance walked are given 
separately in table 2). A CV (on individual density) of 20% of the mean estimate 
 
Figure 4. Trends in percentage coefficient of variation (CV) in group density (– ● –) and 
individual density/km2 (– + –) with sampling effort or transect distance (km) for the four
mammalian species. The mean individual densiiy/km2 (–*–) with varying sampling effort
is  also  shown  in  the  figure 
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is achieved with a sampling effort of about 200 km of transects for chital and 
sarabar, while for elephant and gaur this is double and triple respectively. In order 
to achieve a 10% CV (or a 95% CI of 20% of the mean), much higher sampling 
efforts  are  needed  for  alt  (he  species. 
 
3.3 Group  size  bias  in  detection 
 
The value of α is positive for all species indicating that there is a slight bias in 
detecting groups of different, sizes, with larger groups being detected more easily 
(table 3). However, for no species is this size-bias statistically significant. The 
value of α is also so small that there is little difference between density estimates 
obtained from the univariate and bivariate models. 
 
3.4 Comparison  of  densities  between  road-side  and  interior  of  forest 
 
A comparison of density estimates from walking and vehicle-based transects during 
1991 are given in table 4. Differences in density estimates arise from significant 
 
Table 2. Distance walked and number of detections for the 
four  species. 
 
 
Table 3.   Influence of  group size (size bias) in detection of animal groups. 
 
 
The data for chital and sambar arc based on 1 year (1991), while for elephant and gaur the data are 
combined  for  1991-92. 
Sample  sizes  refer  to  the  number  of  groups  sighted. 
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Table 4.  Density  estimates  from  walking  and  vehicle  based  transects. 
 
differences in density οf groups and not of mean group sizes in the case of sambar, 
elephant and gaur, while in the case of chital these are due to significant differences 
in mean group sizes but not in density of groups. 
The mean density of chital estimated from vehicle transects (49/km2) is twice 
that estimated from walking transects (25/km2) and is statistically significantly 
different. In the case of sambar, elephant and gaur, the estimates from vehicle 
transects are significantly lower than those from walking transects. The differences 
are particularly large in the case of gaur (14·4/km2 from walking and 0·5/km2 from 
vehicle)  and  sambar  (6·6/km2  from  walking  and  1·5/km2  from  vehicle). 
The second approach of walking (as opposed to using vehicles) along roads 
versus walking in the interior of the adjacent forest also revealed similar significant 
differences in estimates (table 5a) for sambar (11·1/km2 inside and 1·3/km2 along 
roads), elephant (3·6/km2 inside and 1·9/km2 along roads) and gaur (4·9/km2 in 
forest and l·6/km2 along roads). 
The results for chital (15·3/km2 inside and 14·9/km2 along roads) surprisingly 
show no difference, when the pooled data from all three zones sampled are 
considered. When the data for individual zones are examined (table 5b) it is seen 
that there are considerable differences between zones in chital densities along 
road-sides and interior. In some of the zones (3D, 3E) there seems to be a higher 
density along road-sides, as inferred from the higher number of sighting of groups 
per unit length of transect and higher mean group sizes, although differences are 
not necessarily statistically significant, in part due to low sample sizes. In another 
zone (8A) there actually seems to be a higher density of chital in the interior of 
the forest as compared to the road-sides, although the difference is not significant. 
 
 
Discussion 
 
4.1 Choice  of  model  parameters  in  data  analysis 
 
On the basis of selecting a model with the greatest precision, the Fourier Series 
model gives estimates with the lowest percentage CV, followed closely by the 
Half-Normal estimator. Estimated densities are comparable for the Fourier Series 
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Table 5a.   Density estimates along the road side and interior of forest, 
 
b.   Zone-wise comparison of density estimates for chital. 
 
 
Blanks  indicate  low  sample  size  for  valid  statistical  analysis. 
 
 
and Half-Normal models. The Negative Exponential model appears to give consistently 
high density estimates for most species; this may be suitable for a species such 
as muntjac (Muntiacus muntjak) (Karanth 1988) which we did not examine. Although 
it appears intuitively unlikely that the detection curve for a large mammal such as 
gaur could be modelled by the Negative Exponential, this model did fit the data 
well  in  our  case. 
Several models appear comparable when adequacy is judged on the basis of the 
χ2 goodness of fit test. However, the Half-Normal model consistently gives a good 
fit to data for chital, while its fit is particularly poor for gaur. Grouping data into 
different number of distance classes seems to make no obvious difference in density 
estimates and their CVs. If model fit is to be evaluated by the χ2  tests, grouping 
into fewer classes seems to be the better option, probably because the data are 
smoothed. This would also ensure that, with relatively low sample sizes, each class 
has greater than five observations which is a general recommendation for the χ2 
test to be valid. This may however not be of any practical advantage in data 
analysis,  as  similar  results  are  obtained  in  all  cases. 
Line transect method for estimating mammal densities 285
 
χ2 tests of model fit have limitations in selection of models or data grouping 
criteria (Burnham et al 1980). Depending upon the selection of number of groups 
and group intervals, the same field data can show either model fit or lack of fit. 
Thus, Burnham et al (1980) state that other criteria such as model robustness 
(flexibility in fitting a variety of true underlying probability density functions), 
pooling robustness (robust to pooling of data collected under variations in habitat, 
climatic conditions, observer and so on) and estimator efficiency (precision) must 
be  used  in  model  selection. 
Assuming that the Fourier series is a robust model, as recommended by Burnham 
et al (1980) and used by Karanth and Sunquist (1992) in a forest type similar to 
that of our study area, our experiments with various cut-off widths revealed the 
following patterns. For chital, a species which is reasonably abundant and whose 
small body size makes detection at large distances relatively difficult, it is not very 
useful to include sightings beyond about 100 m, since there is no increase in 
precision. This could be an appropriate cut-off width for making density estimates. 
With our data this involved removing 3% cases of outliers. In the case of sambar 
and elephant a cut-off width of 140 m seemed to be appropriate. For gaur the 
results are more ambiguous; it may be necessary to try various cut-off distances 
before arriving at a suitable one. For the less abundant species the need to have 
an  adequate  sample  size  may  influence  this  decision. 
 
4.2  Sampling  effort  and  precision  of  estimate 
 
The precision of the estimate (CV) would improve with increased sample size 
(which translates into sampling effort). Sampling effort needed to achieve a desired 
precision would vary with species and location, depending on their abundance, 
variation in group size and detectability. In general, a substantial effort is needed 
in achieving a < 20% CV on mean estimates for species with densities under 10 
individuals/km2. The 95% confidence limits would be even higher than the CV; a 
20% CV translates into a 95% CI of nearly 40% of the mean. Thus, a sample 
size of 40 sightings considered as adequate for line transect analysis (Burnham et al 
1980) results in an 18–20% CV on mean density estimate (or a 95% CI of 36– 40% 
of the mean) for chital, sambar and elephant, and still higher for gaur. It is therefore 
unlikely that changes in the population of a species can be detected with statistical 
confidence over short time periods, if such changes are of smaller magnitude. All 
census programmes for mammals should consider this even before embarking on 
the  field  exercises. 
 
 
4.3 Size  bias  in  detection  of  groups 
 
The lack of statistically significant size-bias indicates that univariate models are 
usually adequate for estimating densities of these mammals. Bivariate models are 
called for only when there is definite evidence for size-bias in detection. Karanth 
(1988) detected size bias for chital but not for sambar, elephant and gaur. It is 
possible that with very high sample sizes even a slight bias in detection (low α 
value) would be statistically significant. This would not result in major differences 
in  density  estimates. 
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4.4 Use of roads in sampling 
 
There is clearly significant bias in density estimates obtained from road-side counts 
for all species in Mudumalai Sanctuary. It is well known that chital prefer the 
ecotones of forest-grassland and open habitats. It can thus be expected that the 
density of chital would be higher along road-sides where artificial clearing is 
resorted to for increasing visibility for the benefit of tourists. As anticipated we 
found that the density estimates of chital from vehicle counts are double that from 
transects walked in the interior of the forest. However, the results from walking 
along roads as opposed to walking transects inside the forest near these roads are 
rather intriguing. It seems as though there are habital-specific differences in the 
spatial distribution of chital. In zones with a relatively dense undergrowth of 
saplings or grass, chital may avoid the interior of forest and congregate along 
road-side clearings. In habitats where the undergrowth is more open and has shorter 
grasses, a very high density of chital may be responsible for their similar abundances 
along  road-sides  and  interiors  of  forest. 
Sambar. elephants and gaur clearly avoid road-sides, probably because of 
disturbance from vehicular traffic in the sanctuary. The roads we sampled include 
highways as well as roads frequented by tourists during the same time-period as 
our sampling. These results may not hold good for all the species in areas where 
vehicular traffic is infrequent. Sambar may also prefer denser habitat during the 
day  and  hence  avoid  road-side  clearings  (Varman  and  Sukumar  1993). 
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